Abstract -As dissolution of powdered milk proteins is necessary for the expression of their functional properties, it is regarded as a critical property by the dairy industry. However, milk proteins exhibit a progressive loss of solubility during storage in the dry form, especially in the case of high-protein-containing powders such as milk protein concentrate (MPC). To further understand the mechanisms responsible for this loss of solubility, the rehydration process of MPC powder before and after storage at 23% equilibrium relative humidity and 24°C for up to two months was studied. This work clearly showed that the storage-induced loss of milk protein powder solubility was due to changed rehydration kinetics and not to the formation of insoluble material in the course of storage. The concentrations of the various constituents of MPC (caseins, whey proteins, lactose, calcium, magnesium, phosphorus, sodium and potassium) were determined in the dispersed phase during the powder dissolution process. The results suggest that the release of micelles from powder particles is the rate-limiting step of the MPC rehydration process and is inhibited upon storage. In contrast, water penetration into the powder particles is shown not to be a rate-limiting factor as molecules larger than water (whey proteins and lactose) were freely released out of the powder structure in both fresh and aged MPCs.
INTRODUCTION
The production of high-protein-containing dairy powders is growing worldwide. Most of these powders are produced from pasteurized skim milk by ultrafiltration and diafiltration to retain casein micelles and whey proteins while allowing most water, lactose and soluble salts to pass through the membranes. Further removal of water takes place during vacuum evaporation and spray-drying steps to produce milk protein concentrate (MPC) powder [7, 20] . These powders are manufactured with various protein over dry matter ratios (w/w), such as 85% (MPC85) and 56% (MPC56), and used as ingredients by the food industry to improve gelling, foaming or emulsifying properties of the products as well as their nutritional value. For most applications, MPC has to be dissolved back into water, preferably at temperature between 15 and 25°C and ideally as fast as possible with moderate agitation to reduce operating costs. Since the powder material does not fully express its functional properties if it remains insoluble, a true solution and/or complete dispersion of colloidal particles is required [6, 14] . MPC powders are, however, characterized by a low solubility index. In other words, a substantial fraction of powder material remains undissolved after a reasonable time of reconstitution at room temperature [7, 11, 19] . Moreover, the solubility index decreases with storage time, especially at high storage temperature (up to 50°C) [1, 20] .
In order to understand this problem, previous research has characterized the nature of the material that remains undispersed after a certain period of MPC85 reconstitution. It was shown to consist mainly of casein micelles linked together by fibril-like protein structures [7, 16] . Although their nature was not clearly established, these linkages seem to involve weak non-covalent interactions, possibly hydrophobic, between destabilized micelles. Caseins dissociated from the micelles may play a role in inter-micellar associations [1, 7] . As reviewed recently by Singh [20] , the native structure of the micelles would have been destabilized by a loss of colloidal calcium phosphate during ultrafiltration and diafiltration steps [16] . Subsequently, during storage of MPC, closely packed and destabilized casein micelles may be more prone to further inter-micellar associations. A water-impermeable skin of 336 A. Mimouni et al. fused casein micelles may eventually be formed on the powder particles preventing them from being rehydrated [16] . However, further work is needed to better understand the nature of these protein-protein interactions, the conditions of their formation during MPC manufacture and storage and finally, the mechanisms of their disruption during powder reconstitution. Despite the evidence of a decrease in powder solubility index during storage, it is still unclear whether storage in the dry state provokes the formation of irreversible insoluble material upon reconstitution or only affects the kinetics of dissolution of MPC powder particles. In the latter case, the water transfer toward the interior of the powder particles as the rate-governing step of the rehydration process remains questionable. To further understand the mechanisms operating during powder reconstitution, we have monitored the dissolution kinetics of MPC85 powder and investigated how it is affected by storage. MPC powder contains various components, not only caseins but also whey proteins, minerals and lactose. In this work, the dissolution kinetics of each of these constituents was investigated and from the collected observations, the rate-controlling step of MPC powder rehydration is identified.
MATERIALS AND METHODS

MPC powder
MPC85 used in this study was provided by Murray Goulburn Co-operative Co. Ltd. (Brunswick, Victoria, Australia). Its chemical composition was analyzed using the methods described in Section 2.3. It contained mainly milk proteins (87.6% w/w), lactose (3.8% w/w) and minerals (Tab. I). Immediately after manufacture, the powder was transported to the laboratory where it was stored at 4°C until used. Before rehydration, the powder was removed from the cold room and stored for 2 days at 24°C in plastic desiccators (250 mm diameter) above a saturated potassium acetate solution (23% relative humidity) to ensure moisture content standardization. Changes in powder rehydration properties occurring during a short period of storage in mild conditions were also investigated in this work. For that purpose, MPC85 powder was stored for up to 2 months in the previous conditions of temperature (24°C) and relative humidity (23%).
Rehydration procedure
Rehydration was carried out at 5% powder concentration in water. MPC85 powder (10 g) was added to 190 g of water in a 250 mL glass beaker. The suspension was maintained at 24°C using a water bath. Stirring was performed at constant speed (200 rpm) using an electric overhead mixer (RW20, IKA, Staufen, Germany) and fourblade propeller stirrer of 50 mm diameter (R 1342, IKA, Staufen, Germany) [17] .
Dissolution kinetics of powder constituents
This analytical procedure was adapted from previous reports [7, 17, 18] . The rehydration procedure was repeated twice for At the end of each rehydration period, samples of 50 mL suspension were transferred into 50 mL centrifugation tubes and centrifuged at 4400× g for 5 min at 24°C. The supernatant was then filtered (GF/A microfiber filter paper, 1.6 μm pore size, Whatman) under vacuum. This particular size of 1.6 μm was considered as an appropriate cut-off between undispersed and dispersed powder material since no powder particles were detected under this size [17] . Duplicate aliquots of the filtrate were sampled for the determination of total solids, caseins, whey proteins, lactose, calcium, potassium, magnesium and sodium and phosphorus contents. The same chemical analyses were also undertaken in duplicate samples of the bulk suspension. The concentrations in the filtrate of the supernatant were compared to those in the bulk suspension to give the percentage (% w/w) of each component present in soluble or dispersed phase (i.e. < 1.6 μm) at different times during powder rehydration. The solid content was determined by oven drying at 102°C for 24 h [9] . Lactose was determined by enzymatic method using a Lactose/D-Galactose kit (R-Biopharm, Darmstadt, Germany). Calcium, potassium, magnesium and sodium and phosphorus contents were measured by Inductively Coupled Plasma (Vista-PRO CCD Simultaneous ICP-OES, VARIAN, Palo Alto, CA, USA) after high temperature (200-250°C) extraction with concentrated nitric and perchloric acids [15] . The element content was measured for Ca at 422.7 nm, K at 766.5 nm, Mg at 279.6 nm, Na at 589.0 nm and P at 213.6 nm. The total nitrogen (TN) and the soluble nitrogen at pH 4.6 (non-casein nitrogen, NCN) were determined according to IDF [10] [13] . Non-protein nitrogen (NPN) was considered as negligible in MPC85.
RESULTS AND DISCUSSION
Kinetics of powder dissolution:
Impact of storage
The dissolution kinetics of MPC85 powders stored for 0, 1 and 2 months at 24°C and 23% relative humidity were compared (Fig. 1) . We monitored the percentage of solids present in soluble or dispersed phase (i.e. phase composed of particles smaller than 1.6 μm) after 10, 20, 90 and 480 min reconstitution of 5% (w/w) powder in water at 24°C.
In the case of "fresh" powder, only 67% (w/w) of the powder material was soluble or dispersed after 10 min of rehydration. After 100 min, the soluble phase contained 85% (w/w) of the initial powder material and around 95% (w/w) after 480 min when the dissolution of MPC85 powder was considered as complete since no further increase of total solids in the soluble phase was observed. This length of time for complete rehydration was of the same order of magnitude as reported previously by Laser Light Scattering [16, 17] . The kinetics of rehydration followed approximately an exponential decay form (straight-line in log scale). After being stored for 1 month, the powder exhibited a sharp decrease in dissolution rate. After 10 min of rehydration, the soluble or dispersed material represented around 40% of the total, which was about 30% less than in the case of the "fresh" MPC85 powder after the same time of rehydration. A further decrease in dissolution rate was observed 338 A. Mimouni et al. after the second month of storage, although it was of lower extent. Remarkably, the insoluble fraction (i.e. obtained after the completion of powder dissolution) did not represent more than 5% (w/w) of the initial powder material and did not change with storage. These results clearly demonstrate that the storage altered the kinetics of dissolution but did not induce irreversible insolubilization of protein material.
Dissolution kinetics of the constituents of MPC85
powder: Impact of storage
MPC85 powder composition
The chemical composition of the MPC85 powder used in this study, as determined with the methods described in Section 2.3, is reported in Table I . This composition was very similar to that measured by the manufacturer using the methods described in Australian Standard 2300 [21] (i.e. 82.4% (w/w) of proteins, 3% (w/w) of lactose, 7.3% (w/w) of minerals and 1.6% (w/w) of fat) and also similar to the typical composition of milk protein powder obtained by ultrafiltration [12] .
No significant differences in the composition were observed during storage at a probability level of 0.05 (results not shown).
When whey proteins are denatured, they normally precipitate with caseins at pH 4.6. The whey protein content measured here accounts for native whey proteins. No significant change in this content was observed when MPC85 powder was stored for up to 2 months. Hence, it is likely that whey proteins had not been denatured during this period in accordance with the work of Anema [1] in which whey proteins remained soluble at pH 4.6 and hence were not denatured under adverse conditions of MPC85 storage (i.e. 50°C up to 10 days).
Fast-dissolving constituents
No significant differences were observed between the lactose content in bulk MPC85 suspension and the concentrations of lactose in the soluble phases separated after 10, 20, 90 and 480 min of powder rehydration ( Fig. 2) . These results clearly indicate that after 10 min, all the lactose present initially in the powder was released into the solvent. Moreover, the dissolution kinetics of lactose was not altered after 1 and 2 months of storage of MPC85 powder. Similar results were obtained with whey proteins (Fig. 3) indicating that they were quickly and totally released into the solvent during powder rehydration, even after the powder had been stored for up to 2 months. Their release into the surrounding water was not restrained upon storage, which tends to confirm that the development of the insolubility of MPC powder cannot be attributed to a change in the structure or aggregation state of the whey proteins [1] . These results strongly suggest that water penetration into the powder particles is unlikely to be the rate-limiting factor in the powder rehydration process as molecules larger than water such as lactose and especially whey proteins were freely released out of the powder structure in both fresh and stored powders. This seems to be in accordance with previous work [3, 4] . Using NMR to monitor the rehydration process of Native Phosphocaseinate (a whey protein-free MPC), Davenel et al. [3, 4] had also shown that it consisted of two steps: an initial and almost instantaneous water absorption by powder (3-5 g water·g −1 powder) in < 2 min after pouring the powder in water, followed by a second step of slow solubilization of powder particles. For the powder constituents that surround or do not interact with the casein micelles such as native whey proteins or lactose, free access of the solvent to their location would enable their fast solubilization and diffusion into the liquid phase.
Furthermore, considering that the penetration of water into the powder was restrained neither in the case of fresh nor aged MPC, there is no reason to assume that the wetting step played a role in controlling the rehydration rate, confirming previous findings [6, 17] . If the wetting of the powder had been limiting, the water would not have had access to all the powder material because of the formation of non-hydrated regions. Molecules such as lactose or whey proteins would not have been immediately and totally solubilized, as it has been shown in this study (Figs. 2 and 3) . The results reported in Figure 4A showed that, among the mineral species analyzed in this study, sodium and potassium can be considered as almost totally solubilized after 10 min after starting to rehydrate "fresh" MPC85 powder. Furthermore, after 1 and 2 months of storage at 24°C and 23% relative humidity, no change in sodium and potassium dissolution kinetics was observed (Figs. 4B and 4C ). The storage of MPC85 powder did not restrain the diffusion of Na and K out of the powder particles.
Slow-dissolving constituents
As shown in Figure 4 and in contrast to lactose, whey proteins, Na and K (Figs. 2-4) , casein, calcium, phosphorus and magnesium were not released instantaneously into the liquid phase. They all follow similar kinetics of dissolution/dispersion. In the case of non-stored powder (Fig. 4A) , only 63 ± 2% of the caseins present in the powder are found in the dispersed phase after 10 min of rehydration. This percentage increased up to 95 ± 5% after 480 min of rehydration at 24°C. The kinetics of the release of caseins into the dispersed phase followed approximately an exponential decay form (straight-line in log scale). Calcium, phosphorus and magnesium exhibited approximately the same dissolution kinetics as caseins. Between 55% and 60% of the amount present initially in the powder is found in the soluble phase after 10 min, and between 80% and 90% after 480 min. Powder storage altered the dissolution kinetics of caseins, calcium, phosphorus and magnesium in the same way. After 1 month of storage, only 35% of the caseins present in the powder are found in the dispersed phase after 10 min of rehydration. This percentage decreased to 25% after 2 months of storage. almost instantaneously diffused into the solvent during powder rehydration; their dissolution kinetics were not altered during storage; and (ii) slow-dissolving components (caseins, calcium, phosphorus and magnesium), which all followed the same kinetics of release into the dispersed phase, characterized by a moderately low rate when fresh but further decreased rates after storage. All of the slow-dissolving species belong to the casein micelle structure: about two-thirds of the Ca (69%), one-third of the Mg (35%) and one half of inorganic phosphate (46%) and almost all the caseins are colloidal in typical milk [8] . In contrast, the structure of casein micelles does not include any of the fast-dissolving species reported in this study [8] . The step of ultrafiltration during the MPC manufacturing process allows non-micellar components to pass through the membrane along with water, so their concentrations are hardly changed while the concentration of colloidal salts is increased by the volume concentration factor [5] . As a result, nearly all of the Ca, Mg and P present in MPC is colloidal. The fact that all the micellar constituents followed the same kinetics of dispersion with further alteration upon storage strongly suggests that the limiting step of the MPC rehydration process was the release of micelles from the powder particles, which was further restrained following storage. This is in accordance with the nature of the non-dispersed material during reconstitution of MPC that was shown to consist mainly of casein micelles [7, 16] . Moreover, the obstacle to the release of micelles was unlikely to be a limitation of the water transfer to the interior of the powder particles since the non-micellar species diffused freely out of them. This suggests that the micelles may interact with each other forming a relatively loose organization (during the normal storage period), at least porous enough to allow water and nonmicellar constituents to diffuse freely. These attractive interactions or inter-micellar bonds would also be more extensive and/or stronger after extended and/or more severe storage in the dry state, resulting in nonreversible insolubility under standard reconstitution conditions [1, 7] . Interactions between micelles did not seem to involve a significant amount of whey proteins as these proteins were not denatured during storage and since they diffused totally and quickly into the solvent regardless of the kinetics of micelle dispersion.
For the same reason, the involvement of lactose in these interactions can be ruled out, although this may be a factor when Maillard reaction becomes prominent after longer periods of storage. Furthermore, weak and reversible bonds more than covalent cross-linking are implicated in the attachment between micelles as gentle agitation and extended reconstitution time were sufficient to allow almost complete dispersion of the micelles (Figs. 1 and 4) . It is also possible that only a small fraction of the casein micelles present in MPC are involved in inter-micellar linkages, which, however, may result in the formation of a network. Such a network, if sufficiently extensive, could effectively retard the release of the dominant non-bound casein micelles by simple steric hindrance (i.e. at a scale of tens of nanometers). Finally, considering that dispersion of the micelles was gradual, at least after short-term storage at moderate temperature and low water activity, it seems unlikely to be only restrained by an impermeable layer at the periphery of powder particles that would disrupt after some time and suddenly release non-interacting internal material. It is thus probable that internal interactions between casein micelles also occur.
CONCLUSION
This study has clarified some aspects of the solubility of MPCs. It confirmed that, for fresh powders or powders stored for a short time under mild conditions, the "solubility" determined at a fixed time represents a single point during a slow process that eventually results in nearly complete (ca 95%) dispersion/dissolution, with storage-induced effects altering the kinetics of dispersion/dissolution but not the final extent. The key finding of the present study is that non-micellar components (whey proteins, lactose, sodium and potassium) are released rapidly, independent of the storage conditions studied, whereas micellar components (caseins, calcium, phosphorus and magnesium) are released slowly with storage slowing the release process further. Taken together, these results suggest that (reversible) association of micelles upon storage is responsible for the reduction in dissolution rate found after short-term storage of MPC.
